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In this work, one proposes the use of a damped confinement potential to mimic the proton
internal energy. The internal pressure is calculated taking into account the occurrence of a phase
transition in the pp and p¯p total cross section. The model predicts the inversion of the positive
and negative pressure regions depending on the squared energy s0, where the total cross section
achieves its minimum value. Considering energies below the phase transition the expected results
are in accordance with the recent proton internal pressure measurement. For energies above s0, the
model predicts a negative pressure region near the center of the hadron surrounded by a positive
pressure region.
I. INTRODUCTION
Recently, using the deeply virtual Compton scattering, high-energy electrons were scattered from the protons in
liquid hydrogen allowing the measurement of the quark pressure distribution inside the proton revealing the pressure
is 10 times greater than the pressure inside a neutron star [1]. Moreover, there is a negative pressure region inside
the proton from the periphery up to 0.6 fm, resulting the matter density is confined to a small region near the center
of the hadron. Of course, the information about the matter distribution as well as the density distribution must be
taken into account in the proton-proton (pp) and antiproton-proton (p¯p) elastic scattering.
A different point of view for the total cross section was recently introduced [2], where the negative and positive
fractal dimensions for pp and p¯p total cross section were obtained. The negative fractal dimension implies that total
cross section measures the proton emptiness. On the other hand, the positive fractal dimension can be interpreted in
the usual way, i.e. as an area.
The Tsallis entropy in the impact parameter space was obtained using a few basic assumptions [3]. In accordance
with the phase transition observed in the total cross section, there is also a phase transition in the Tsallis entropy.
The negative entropy can be seen as the internal constituents using energy to maintain its internal configuration
near the center of the hadron. The positive entropy state is achieved only after a phase transition, and the internal
constituents go then towards the hadron periphery.
Theoretical interpretation [2, 3] and the recent measurement in Ref. [1] allow the following assumption: the
quarks and gluons of the hadron are located near the center, below some energy, in the elastic scattering and, as the
collision energy grows, the quarks and gluons change their location towards the hadron periphery. Of course, the only
constituents of the proton in this model are quarks and gluons, and the emptiness regions are fulfilled with energy
due to the strong interaction.
One proposes here the use of a damped confinement potential to mimic the hadron internal energy. Furthermore,
it is necessary to introduce a phase transition factor in the internal pressure calculation in order to preserve the
coherence with the theoretical approach seen in [2, 3] and with the phase transition observed in the total cross section
experimental dataset. The use of both, the phase factor and the damped confinement potential, furnish an explanation
for the recent measurement of the proton internal pressure [1]. Moreover, the pressure obtained here predicts the
appearance of a gray area (hollowness effect) near the center of the hadron as the energy tends to infinity.
The paper is organized as follow. In section II one introduces a damped confinement potential. In section III one
calculates the pressure inside a scattered hadron taking into account the phase transition occurring in the total cross
section. In section IV are discussed the recent TOTEM and ATLAS measurement as well as the hollowness effect.
Section V presents the discussion and critical remarks.
II. DAMPED CONFINEMENT POTENTIAL
As well-known, the confinement potential describes the potential energy of an infinitely heavy static quark-antiquark
pair separated by a distance r. At small distances, it has the Coulomb-like behavior with the running coupling αs(µ)
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2measuring the interaction strength. At large distances, the coupling strength is given by the string tension σ. Then,
the potential exhibits its linear confining feature, i.e. the pair remains glued, and they are only free as a couple in
the color singlet form. The confinement potential V (r) can be explicitly written as
V (r) = −4
3
αs(µ)
r
+ σr, (1)
where αs(µ) is responsible by the strong interaction at a specific energy scale µ [4]. The strong increase of αs(µ)
should be stopped at the infrared scale since the wavelengths of the created particles cannot exceed the size of the
hadron [5]. Explicitly, the running coupling is written in one-loop approximation as
αs(µ) =
1
β0 ln
(
µ2/Λ2QCD
) , (2)
where β0 = (33−2nf )/12pi is the 1-loop β-function. The number of active quark flavors at the energy scale µ is given
by nf and are considered light mq  µ, where mq is the quark mass: nf = 6 for µ ≥ mt, nf = 5 for mb ≤ µ ≤ mt,
nf = 4 for mc ≤ µ ≤ mb and nf = 3 for µ ≤ mc [6]. Furthermore, the running coupling constant can be defined from
any physical observable perturbatively calculated [7].
The string tension σ ≈ 0.405 GeV [8], in general, depends on the temperature for cold strongly interacting matter.
The ΛQCD-parameter is a non-universal scale dependent on the renormalization scheme and corresponds to the scale
where the perturbatively-defined coupling would diverge [4]. The numerical value of ΛQCD depends, in particular, on
nf and here one uses ΛQCD from [4], for a given nf .
As can be observed from Eq. (1), one requires µ > µmin ≡ ωΛQCD to preserve the perturbative definition of αs(µ).
The softest case corresponds to ω = 1 and more conservative and exact estimation is given by [7]
ω = exp
[
F0(α
max
s )/2β0
]
, (3)
where αmaxs = β0/β1, F0(x) = x
−1 + β1/β0 ln(β0x), β1 = (153 − 9nf )/24pi2 is the 2-loop β-function coefficient [4].
There are several estimation of µ based on Y exph , an experimentally measurable quantity. In hadronic collisions, for
instance, µ = Y exph at Y
exp
h ≡ pmaxT [9, 10] or Y exph ≡ m3 [11], where pmaxT is the transverse momentum of the leading
jet, and m3 is the invariant mass of the three jets leading in pT . Here, one uses µ = Q
2, the transferred momentum
in the gluon frame.
There is a sea of quarks and antiquarks inside the hadron emerging from the vacuum fluctuations. It is expected
the annihilation of every such created pair, remaining only the valence quarks as those which gives to the hadron
its physical features. Despite pairs annihilation process, the confinement potential due to every quark-antiquark pair
inside the hadron should be taken into account to produce the total potential energy inside the hadron, in a given time
interval ∆t. It is natural to suppose that the effective number of pairs, set at distance r, as being an increasing function
of Q2 as well as implying the enhance of V (r) as Q2 grows. Of course, the distance r varies from some minimum up
to the maximum size allowed by the system, i.e. the hadron diameter. Moreover, note that phase transition from a
confining to a non-confining regime occurs at r0, the root of the damped potential which is dependent on the ratio of
the running coupling to string tension given by
r0 = 2
√
αs(Q2)
3σ
, (4)
and, as expected, as Q2 increases this root slowly narrows to zero, and its physical meaning is quite simple: it
represents the point where both terms of Eq. (1) contribute to V (r) equally. It also can be viewed as a topological
transition point in the sense that for distances r < r0, the qq¯-pair are subject to a Coulomb-like potential, i.e. they
tend to behave as a free (color) charged gas. Considering r > r0, they behave as a color singlet. Therefore, there
is a transition point from a non-charged (r > r0) to a charged gas (r < r0). Furthermore, as stated above, the
maximum distance of a pair corresponds to the diameter of the hadron. Therefore, the pairs set at this distance, in
fact, measures a) the maximum strength of the confinement interaction and b) the hadron effective size.
Suppose the quarks and gluons are surrounded by a sphere of radius r with negative pressure above r0 up to the
edge of the hadron, as obtained in [1]. The finite size of the hadron ensures this region is bounded by a damping
mechanism, acting on the confinement potential. Writing the damped confinement potential Vd(r) as
Vd(r) = nV (r) exp(−kr). (5)
where, for the sake of simplicity, one assumes n as the finite number of effective pairs at distance r. The wavenumber
k = 1/λ can be defined in terms of λ, the Debye length and, in general, this length is a function of temperature. The
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FIG. 1: Damped confinement potential for Q2 = 102 GeV2 (solid), Q2 = 104 GeV2 (dotted), Q = 106 GeV2 (dot-dashed) and
Q = 108 GeV2 (dashed). For each transferred momentum one uses k = 3 fm−1 and nf = 3.
factor k is used here to measure the physical effects of the damped confinement potential. Furthermore, k can also
be seen as the Debye screening mass, mD. Usually, the Debye mass is supposed as being the same for both confining
and non-confining phases of V (r). However, the Debye mass can be separated into two contributions: one for the
confining and another one for the non-confining phase. Considering the non-confining term of Eq. (1), the factor mD
has a linear behavior, and for the confining mechanism, it is strongly suppressed. One adopts here, for the sake of
simplicity, only one wavenumber as being able to damp the confinement potential.
In the so-called Quark-Gluon Plasma (QGP) the Debye length is about 0.15 fm [12]. Here, one assumes that
λ > 0.15 fm, i.e. the constituents are not in the QGP regime. Accordingly, one consider here 0.2 . λ . 0.5 fm,
obtaining 2 . k . 5 fm−1, then, for the sake of simplicity, in all figures one adopts k = 3 fm−1. Moreover, one
observed a weak dependence on the number of active flavors nf and, thus, in all figures nf = 3 is fixed.
Figure 1 shows Eq. (5) for different Q2, k = 3 fm−1 and nf = 3. The transferred momentum Q2 grows as well as
the maximum value of Vd(r), and, on the other hand, the root given by Eq. (4) shrinks.
III. INTERNAL PRESSURE
The pressure inside a proton can be defined in the same way the pressure inside a gas or liquid composed of
molecules. However, the proton is composed of quarks and gluons interacting via the confinement potential. The
first measurement of such mechanical property is due to Burkert, Elouadrhiri, and Girod (BEG) using Generalized
Parton Distributions (GPD) instead of the Gravitational Form Factors (GFF) [13], which is, in fact, the correct way
to measure the pressure if the graviton is known [14]. However, the graviton-proton scattering cannot be performed
yet, and the way used by BEG to access information about the pressure was using GPD with the help of the deeply
virtual Compton scattering of electrons by a proton in liquid hydrogen. In this scheme, the quark structure is probed
with high-energy virtual photons exchanged between the electron and the proton, and a real photon controls the
transferred momentum t to the proton. The GPD is connected to the Compton Form Factor from the deeply virtual
Compton scattering data and, finally, sum rules relating Mellin moments of the GFF and GPD are used to obtain
the form factor d1(t), which is responsible by the description of the force and pressure distribution inside the proton.
The pressure radial distribution, p(r), inside the hadron depends on the temperature, chemical potential of quarks
and gluons, for instance. One calculates here only the pressure as a result of the damped confinement potential
shown by Eq. (5), neglecting possible contributions from kinematic terms. Of course, as the collision energy rise, the
volume of the hadron also is expected to grow, achieving some effective size. The increasing energy and transferred
momentum may also enhance the number of effective qq¯-pairs. Therefore, the following constraint is stated: the ratio
of the effective number of pairs created to the hadron volume is constant at every
√
s. Then, one considers a constant
4number density given by
n
volume of the hadron
= ζ (fm−3). (6)
The total cross section of the pp and p¯p elastic scattering shows a clear phase transition occurring at some squared
energy s0, where the total cross section achieves its minimum. This is a dynamical quantum phase transition since
the system is in a non-equilibrium condition. Furthermore, this is a first order phase transition considering that one
has a discontinuous change in the density, which is the inverse of the first derivative of the free energy with respect
to pressure. When s < s0, the total cross section decreases up to some minimum value at s0. However, when s > s0
the total cross section starts to rise as predicted by Cheng and Wu seminal papers [15, 16]. Moreover, as shown
in Borcsik and Campos [2], the total cross section behavior can be explained by the use of the concept of fractal
dimensions. When s < s0, the fractal dimension of the total cross section is negative, measuring the emptiness of the
hadron. Otherwise, if s > s0 the fractal dimension is positive and the total cross section possess the usual physical
interpretation. In addition, the Tsallis entropy approach in the impact parameter space [3] also exhibits a peculiar
behavior: if s < s0, the entropy is negative implying in the hadron internal constituents self-organization. On the
other hand, if s > s0 the entropy is positive. Therefore, the phase transition occurring at s0 should be taken into
account in the calculation of any physical quantity of the elastic scattering.
Bear in mind this phase transition, one introduces in the pressure calculation inside the proton the transition factor
written as
g =
1
s/s0 − 1 , (7)
where s0 is the phase transition squared energy observed in the total cross section dataset. Hence, the resulting
pressure of the damped confinement potential shown by Eq.(5) and for a fixed-s and Q2, is written as
p(r) = gζ
(
−4
3
αs(Q
2)
r
+ σr
)
exp(−kr). (8)
This result has only one physical root also given by Eq. (4), and it separates the negative and positive pressure
regions as shown below. The stability condition is written here as∫ ∞
0
r2p(r)dr = 0. (9)
Figure 2 shows the behavior of r2p(r) versus r considering nf = 3 and k = 3 fm
−1. For 2a one uses
√
s = 6 GeV and
for 2b
√
s = 24 GeV. In both cases, the negative pressure region is located at the periphery of the hadron shielding a
core containing pairs subject to the Coulomb-like potential since the pairs are created in the region r < r0. Moreover,
the core narrows and its peak shrinks as Q2 grows. On the other hand, as the energy increases the peaks of |p(r)|
also increases. It is interesting to compare this result with those recently obtained [1]. The negative pressure region
settles down between 0.5 and 1.0 fm and does not depends on the energy of the collision but depends strongly on Q2,
since the root depends on Q2. Moreover, the negative pressure region grows as the collision energy tends to
√
s0 = 25
GeV. Therefore, one can predict here two main results for future experiments as carrying out by Burkert et al. [1].
The first one is the growth of |p(r)| in the negative region as the energy tends to √s = 25 GeV. The second one is
the shrinkage of the positive pressure region toward the center of the hadron as Q2 grows.
Figure 3 shows the result of Eq. (8) considering energies above
√
s0 = 25 GeV. The negative and positive pressure
inversion is due to the phase transition factor. In all cases, the negative pressure region settles down near the center
of the hadron (between 0.5 and 1.0 fm), shrinking as Q2 grows. The pairs are now created in the distant periphery
(r > r0) and they are not subject to a maximum distance for their creation (r < r0) and, therefore, the confining
term of the potential may act to maintain the proton stability.
The pressure behavior may be a crucial ingredient to understand the total cross section. The interplay between
negative and positive pressure distribution inside the hadron allows the following assumption. Suppose that total
cross section is the sum of two auxiliary cross sections, one given by the positive pressure (σ+(s)) and another one by
the negative pressure (σ−(s)). Therefore,
σ−(s)
σtot(s)
+
σ+(s)
σtot(s)
= 1. (10)
The relation between these two auxiliary cross sections is responsible for the decreasing and increasing of the total
cross section concerning s0. Furthermore, the sum in Eq. (10) increases or decreases depending on the energy range
considered, as can be seen in the total cross section experimental dataset.
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FIG. 2: Pressure distribution inside the hadron as a result from the quark interactions versus the radial distance r from the
center of the hadron. In all cases, k = 3 fm−1 and nf = 3. In (a)
√
s = 6 GeV and (b)
√
s = 24 GeV and for both cases√
s0 = 25 GeV and Q
2 = 102 GeV2 (solid), Q2 = 104 GeV2 (dotted), Q = 106 GeV2 (dot-dashed) and Q = 108 GeV2 (dashed).
The positive pressure region narrows as the Q2 grows.
In a geometric point of view, considering s < s0, the dominant auxiliary total cross section is σ−(s) implying the
total cross section measures the emptiness of the proton [2]. The qq¯-pairs in this energy regime are created near the
center of the proton, being shielded by a negative pressure whose origin is the strong interaction (more precisely, the
Coulomb-like term of the potential). On the other hand, when s > s0, then σ+(s) is the dominant part and σtot(s)
measures the presence of a well defined structure (or less opaque) [2]. The qq¯-pairs are created now near the hadron
periphery, and as the energy grows, the filling up mechanism occurs from the periphery towards the center. The
negative pressure region is now at the hadron center.
IV. HOLLOWNESS EFFECT
The TOTEM [17] and ATLAS [18] experimental results for the differential cross section for pp collisions at
√
s = 7
TeV [19] and
√
s = 8 TeV [20] seems to indicate a saturation at b 6= 0 fm, contrary to the usual theoretical view
where the saturation occurs at b = 0 fm (b is the impact parameter). The inelastic cross section obtained from these
dataset, in the impact parameter representation, presents a very smooth hollow at b = 0 fm.
There are several papers devoted to explain that unexpected feature [21–28]. In particular, one stress here the
analysis carried out by Broniowski et al. [27]. Based on the Barger-Phillips model [29], the authors of Ref. [27],
assuming a transferred momentum independence on the ρ parameter, introduces a prescription on the scattering
amplitude. As a consequence, the hollowness effect emerges being addressed to a quantum origin. In particular, they
had pointed out that the real part of the scattering amplitude is responsible for generating the hollowness effect when
the real part of the eikonal phase becomes larger than pi/2.
The theoretical approach presented here is able to furnish the pressure distribution inside the proton, revealing two
main results. The first one is the agreement with the experimental result of Ref. [1]. The second one is the prediction
of the inversion of negative and positive pressures regions due to the dynamical phase transition occurring in the total
cross section at s0. Then, the results possess origin in both the damped confinement potential and in the dynamical
phase transition occurring in the total cross section. Therefore, the origin of the pressure distribution is due to the
strong interaction acting on the constituents of the proton.
If the filling up mechanism occurs from the periphery towards the center of the proton for s > s0, then it is plausible
to suppose that the hollowness effect may be related with the negative pressure region located near the center of the
hadron. As Q2 increases, the negative pressure region shrinks (but seems not to vanish). A non-vanishing real part
of the scattering amplitude for s→∞ may also be responsible for this result according to the model adopted in Ref.
[27]. Of course, the hollowness effect possesses different origins comparing the present-result and those based on the
coherence folding of inelasticities of collisions of partonic constituents [27].
Of course, one cannot expect that pressure inside the proton, specifically the size of the negative pressure region,
reflects itself in a hollow region with the same size in the impact parameter space (e.g, in the inelastic overlap function).
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FIG. 3: Pressure distribution inside the hadron as a result from the quark interactions versus the radial distance r from the
center of the hadron. In all cases, k = 3 fm−1 and nf = 3. In (a)
√
s = 52.8 GeV, (b)
√
s = 1800 GeV, (c)
√
s = 14000 GeV,
and (d)
√
s = 95000 GeV and for all cases
√
s0 = 25 GeV and Q
2 = 102 GeV2 (solid), Q2 = 104 GeV2 (dotted), Q = 106 GeV2
(dot-dashed) and Q = 108 GeV2 (dashed). The negative pressure region narrows as the Q2 grows.
V. CRITICAL REMARKS
The phase transition occurring inside the hadron, shown by the increasing of the total cross section, σtot(s), as the
energy grows, was firstly predicted by Cheng and Wu based on massive electrodynamics [15, 16]. However, in that
time, unfortunately, it was not claimed as a phase transition. Nonetheless, any treatment of the total cross section
should take into account this phase transition [2, 3].
In order to explain a recent experimental result, the model proposed here uses a naive approach: a damped
confinement potential to mimic the hadron internal energy. Although naive, the approach used here takes into
account a phase transition factor in the pressure calculation and, as the main result, the model is in accordance with
the recent measurement of the proton internal pressure [1]. Furthermore, the model predicts the inversion of the
pressure regimes for squared energies above s0, where the total cross section achieves its minimum value.
The results are robust under a wide variety of the parameters values. However, there is a need for the correct
experimental determination of some parameters (kD, for instance). In spite of, it is correct to affirm that the negative
pressure region is located above the physical root r0, for s < s0. The constituents near the center of the hadron,
r < r0, are subject to a Coulomb-like potential. From the experimental point of view, the total cross section decreases
in this energy range. Hence, the sum σ−(s) + σ+(s) decreases as s grows, achieving its minimum at s0. As the phase
transition takes place, the negative pressure region changes its location towards the hadron center, shrinking as Q2
grows. On the other hand, the constituents placed at some r > r0 feels a positive pressure. In this situation, the sum
σ−(s) + σ+(s) increases as s→∞. The total cross section is now an increasing function of s.
Changes in the hadron pressure regime occur as a result of a phase transition taking place at s0. There is also a
phase transition in the confinement potential since it presents a natural decoupling phase in its formulation. However,
only the introduction of the phase factor allows the correct pressure regimes inside the hadron.
Considering the hollowness effect, the model proposed suggests that the negative pressure region, emerging for
s > s0 near the center of the proton, may be related with the hollow near b = 0 fm. Of course, the size of the negative
7pressure region is not the same of the hollow region, as pointed out in the TOTEM results. Possibly, an unknown
physical mechanism acts to minimize the negative pressure region effects in this energy regime in the sense that, for
small energies, the hollow region is not visible in the impact parameter space. For very high-energies, the hollowness
region starts to appear. It is natural to suppose, as pointed out in Ref. [27] (and references therein), that the real
part of the scattering amplitude is responsible by this effect.
In conclusion, the model presented here, although naive, is able to furnish an explanation for the recent experimental
results. A more sophisticated model taking into account kinematic terms should be considered elsewhere.
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